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ABSTRACT 
High concentrations of suspended solids in coal mine sedimentation ponds 
are a factor in lowering water quality. This study focuses on the influence 
dissolved solids have on concentration and settling of suspended solids. Water 
samples from sedimentation ponds in Eastern and Western Kentucky were used to 
evaluate water composition in such ponds. Spoil samples from surface mine 
sites in both parts of the state were used to evaluate water composition 
released from the spoils upon introducing water. 
The results demonstrate that water quality emanating from coal spoils of 
Eastern and Western coal mines is dependent on the type of spoil and/or 
geologic strata represented. 
sedimentation ponds revealed 
conductance (EC) in mmhos cm-l 
Water 
that the 
and ionic 
composition of 
relationship 
strength ( I) of 
randomly selected 
between electrical 
water is I = 0.012 
[EC]. Furthermore, it was determined that there is a linear relationship 
between the repulsive index, RI = [(0.012)(EC)]-l/Z (based somewhat loosely 
on double-layer theory), and suspended solids. 
Kinetic data on settling of suspended solids has shown that upon 
increasing the ionic strength of the water (consequently decreasing RI), the 
rate of settling increased dramatically. The critical RI at which complete 
removal of all suspended solids, estimated by graphic extrapolation, is shown 
to be dependent on the percent base saturation. The data also demonstrate 
that the critical RI (RI at maximum flocculation) varies depending on the 
spoils mineralogical and chemical composition. 
The overall study shows that decreases in suspended solids in coal mine 
sedimentation ponds can be brought about by relatively small increases in ionic 
strength. Several approaches as to how one might increase water ionic strength 
in sediment ponds are discussed. 
DESCRIPTORS: Suspended Solids; Sedimentation; Sedimentary Basins; 
Spoil Disposal; Water Quality; Colloids; Clay Minerals. 
IDENTIFIERS: Spoil Water; Coal Mine Sedimentation Ponds 
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CHAPTER I - INTRODUCTION 
The objectives of the study were: 
1) To establish data base on coal mine spoils and/or geologic strata in 
Kentucky, involving physical and mineralogical composition. 
2) To evaluate the coal mine spoils and/or geologic strata in terms of 
exchange and solution chemistry, cation exchange capacity, base saturation, 
acidity and potential water quality of water to be released from such material. 
3) To establish data base on water composition and concentration released 
from coal mine sedimentation ponds in Kentucky and furthermore to establish a 
relationship between ionic strength of water and electrical conductance. This 
relationship is to be used for evaluating dispersion flocculation processes 
taking place and directly affecting suspended solid concentrations. 
4) To evaluate (using clay mineralogy and water chemistry) selected 
samples on their ability to maintain high suspended solids in spoil-water 
mixtures. 
Sediment generation from land disturbed for commercial development and/or 
surface mining of coal is a major problem for several reasons including: a) 
its potential to silt out stream channels, rivers, lakes and reservoirs, b) 
clay size solids in suspension are pollutants since they inhibit aquatic life 
and c) suspended clay sediments will have to be removed from the water before 
it can be used for domestic purposes. 
At present, the method of eliminating sediment from water in areas that 
have been disturbed is to estimate the size of the watershed and the maximum 
amount of sediment to be produced, and then build a sediment pond at the base 
of the watershed so that the water released meets certain sediment criteria. 
However, even utilizing the most sophisticated computer model available in 
designing a pond for maximum trapping efficiency of 99%, the water leaving the 
pond could have a sediment concentration as high as 10,000 parts per million. 
Needless to say, water with 10,000 parts per million suspended solids is highly 
l 
polluted. The reason for this discrepancy between sediment pond trapping 
efficiency models and actual sediment pond trapping efficiency is that so far 
computer simulation models do not consider chemical interactions between clay 
minerals and water. 
The proposed research is directed specifically at the problems of clay 
removal from water. First, it will deal with the causes of high suspended 
solid loads and then propose mechanisms of removal of suspended clays with 
minimal changes in water chemistry. 
This investigation deals with determining amounts and types of dissolved 
constituents in water emanating from coal mine sediment ponds, the possible 
role of the dissolved constituents in controlling clay colloid dispersion 
and/or flocculation, and furthermore, the development of a rapid test for 
predicting the clay dispersion potential for sediment ponds of watersheds 
undergoing disturbance. This test is based, albeit somewhat loosely, on 
diffuse double layer theory. 
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CHAPTER II - RESEARCH PROCEDURES 
Sample Selection and Analytical Techniques. 
To meet the objectives of the study, water samples from sedimentation 
ponds and spoil and/or geologic strata samples representing Eastern and Western 
Kentucky mine fields were obtained. The water samples were filtered through a 
What man filter No. 42 and then analyzed for Ca, Mg, Na, K, Mn, Fe, by atomic 
absorption, for Al by colorimetry, for Cl by chloridometry, for so4 by 
turbidometry, for HC0 3 by automatic titrimetry, and for electrical 
conductivity (EC) with a Markson EC meter, equipped with a flow through 
electrode and the pH was taken with a combination electrode. 
The spoil samples, whose description is in Table 1, underwent extensive 
testing, including determination of exchangeable and solution cations at 1: 2 
spoi 1-water ratio, pH, electrical conductance, and cation exchange capacity 
(CEC). Exchangeable cations and CEC determinations were made using N 
ammonium acetate pH 7 with the procedures described in Black (1965). 
Particle size determination and mineralogical analysis was carried out by 
elutriation and X-ray diffraction analysis, respectively. (Jackson, 1975). 
Experimental Theory 
Colloid dispersion and flocculation are multifaceted phenomena. Stum and 
O'Melia (1968) described control of these processes by double layer swelling, 
adsorbable species (hydrolyzed iron and aluminum) and chemical bridging. 
Since the colloids of coal mine sedimentation ponds are most probably 
mineralogically heterogeneous, both double layer swelling and flocculation by 
adsorbed hydrolyzable cations may be operative at the same time. In most cases 
involving mixed mineral systems, the double layer is expected to cause 
dispersion at pH values above 6, with aluminum and iron hydrolysis products 
expected to cause flocculation at lower pH values. Quirk and Schofield (1955) 
refer to the mechanism of flocculation by hydrolyzed metal ions as an 
3 
Sample 
Number 
10 
20 
30 
60 
70 
100 
llO 
120 
130 
140 
Table 1. Coal Spoil and/or Geologic Strata Sample Description 
County 
(Kentucky) 
Ohio 
Perry 
Perry 
Martin 
Martin 
Hopkins 
Martin 
Martin 
Hopkins 
Lawrence 
Sample description 
Represents coal spoil material of mining coal seam number 
9. The spoil material is characterized as a mixture of 
sandstone and shale with high oxidizeable sulfide content. 
Represents the upper few feet of the Shelocta soil series. 
These soils are formed in colluvial material derived 
chiefly from siltstone, sandstone and shale (Breathit 
formation) • 
Represents a gray shale stratum located in the Breathit 
formation. 
Represents coal spoil material of a bench. It is 
characterized as a mixture of sandstone, siltstone and 
fire-clays of the Breathit formation. 
Represents coal spoil material of a mountaintop removal 
operation involving coal seam number 6. It represents the 
Breathit formation, composed of sandstone, siltstone and 
claystone in decreasing order. 
Represents the upper few feet of the surface material of 
the Zanesville soil series. These soils are formed in a 
thin mantle of loess over material weathered from acid 
sandstone and shale (Carbondale formation). 
Represents a clay statum, varying in thickness from a few 
cm up to 1 m and more; and it is known as "fire-clays". 
Area where sample taken is represented by the Breathit 
formation. 
Represents coal spoil material of mountain removal and 
benching. Sample was obtained from an area adjacent to a 
coal cleaning facility thus contributing coal dust 
particles to the sample. (Breathit formation). 
Represents a shale statum of the Lisman formation. 
Represents coal spoil material of mountain top removal. 
It is mainly composed of sandstone and a lesser degree 
siltstone (Breathit). 
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edge-to-face interaction. However, edge-to-face flocculation is simply one 
mode by which hydrolyzed metal ions can cause flocculation. 
An increase in colloid dispersion with increasing pH has been demonstrated 
by Arora and Coleman (1979) and Frenkel and Shainberg (1980). Frenkel and 
Shainberg (1980) showed that even flocculated clays retaining hydrolyzed 
polymers of aluminum and iron can undergo dispersion if neutralized with NaOH, 
causing disintegration of the polymers. 
Once colloids undergo dispersion, they are kept dispersed by repulsive 
double layers. The double layer theory considers the clay particle as a flat 
surface with a uniformly distributed surface charge and an unequal distribution 
of counter ions, hence a "double layer". 
The double layer thickness (DLT) is considered to be approximately the 
distance from the clay surface to the point where the interlayer salt solution 
is in the same concentration as the bulk solution. The distribution of the 
ions near the surface of the clay particle is a function of several parameters. 
These parameters involve valency of the ions, concentration and colloid 
surface potential (Bolt, 1976; Gast 1977; Van Olphen, 1971). 
Clay minerals that exhibit exchange capacity also exhibit a surface 
electric potential (Stumm and Morgan, 1970). Ideally there are two kinds of 
clays in terms of the electric double layer, those that have a constant surface 
charge and a variable surface potential and those that have a constant surface 
potential and a variable charge (Figure 1). Since clays in spoils are expected 
to be highly heterogeneous, it would be impossible to classify them ideally. 
This surface potential decays exponentially as shown in Figure 1, and it is 
controlled by the salt concentration in the solution. The surface potential as 
modified by the solution chemistry is an approximation of the repulsive force 
applied to two approaching clay particles in a solution. When two particles 
collide in a solution system, whether or not the collision will lead to a 
physico-chemical bond formation between the clay particles (formation of 
floccu les) depends on the net interaction between the repulsive forces of the 
electric double layers and the attractive forces so called London-van der Waals 
5 
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concentrations (Gast. 1977). 
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forces. The latter are usually only dependent on the distance separating the 
two particles (Stemm and Morgan, 1970). 
It is apparent, therefore, that the surface charge density or CEC per unit 
area along with the electrolyte concentration control the surface potential, 
which in turn determines ( to a great extent) how close two particles will come 
during a collision. The extent of influence of the clay surface potential can 
also be greatly modified by the type of ions within the double layer and not 
just by the concentration of the bulk solution alone. The relative amounts of 
Na+, Ca2+ and Al 3+ that wi 11 suppress the double layer thickness to the 
same level are approximately 100, 2, and 0.04 for these ions respectively. The 
explanation for such a difference is the force with which the clay negative 
charge attracts these ions. Aluminum is strongly preferred by the clay, 
compressing the double layer · to a minimum, which causes a large number of 
successful clay particle collisions (leading to physico-chemical bonding among 
the particles). On the other hand sodium is least preferred, causing a large 
diffuse double layer, leading to unsuccessful clay particle collisions. In 
sediment ponds at a relatively high pH, aluminum has precipitated leaving a 
system mainly of Ca and Mg mixture. It is apparent that for a particular clay 
system, two factors would dictate the degree of successful collisions (causing 
flocculation). One is the selective adsorption of cations by the clay charge 
sites and the second is the overall salt concentration in the system. 
In general, clays prefer trivalent cations over divalent and divalent 
cations over monovalent. Within a similar valency, clays show preference for 
the cation with 
are as fol lows: 
of the valency 
+ 
number than Na. 
the largest atomic number. 
Clays prefer Al3+ over 
effect and K+ over Na + 
Examples of the above statements 
Ca2+ Ca2+ + because and over Na 
because K+ has a larger atomic 
We can express exchange phenomena mathematically as follows: 
1963): 
(Babcock, 
Clay-Mg 
Rearranging: 
+ 
2+ Ca <~> Clay-Ca 
7 
+ 
2+ Mg [l] 
= 
Clay-Ca (Mg2+) 
Clay-Mg (ca2+) 
Where ~: is the "selectivity coefficient." a 
greater than 1 indicates preference for Ca, whereas a ~: equal 
shows no preference (Beckett, 1965, Evangelou, 1981, Hunsaker and Pratt, 
[ 2] 
~: 
to 1 
1971). 
Selectivity is a very important point to consider since it has indirect 
implication on dispersion/flocculation phenomena. Soils in general show a 
~: value of near 1, which indicates that calcium and magnesium 
should behave similarly in terms of causing dispersion of clay. However, there 
are certain well establish exceptions. Vermiculite, for example, shows a 
greater preference for magnesium, and organic matte~ shows a greater preference 
for calcium. Under such circumstances, in relatively dilute calcium-magnesium 
sediment pond water, the degree of dispersion becomes a matter of which of the 
two ions dominates the system and what type of exchanger is present. 
Another expression used to describe an exchange reaction between a 
monovalent and a divalent cation as in this case between sodium and calcium is 
as follows. 
Clay-Na + 2+ 1/ 2 Ca < ) 
Rearranging: 
= 
Clay-Ca112 + 
+ Na (3] 
(4] 
where 
Assuming 
clay=X is 
Clay-Ca (Na+) 
Clay-Na (ca2+)l/ 2 
in meq/100 grams and 
that experimentally from equation 
mmoles/1 in solution. (X) is 
[ 2], one obtains a ~: 
equivalent to calcium and value of about 1 for a given soil, then magnesium is 
equation [4] can be rearranged to look as follows: 
8 
Clay-Na 
= CEC-(Clay-Na) 
KN a 
CaMg 
+ (Na . ) 
where CEC = Clay (Ca+ Mg+ Na), 
Further rearrangement would yield the following two equations, 
Sodium Adsorption Ratio (SAR) 
Where C 2+ a ' 
Exchangeable 
2+ Mg , and 
Sodium 
(Ca2+ 
(Na+) 
2 
concentrations 
Percentage (ESP) 
The United States Soil Salinity Laboratory staff 
are in 
= Clay-Na 
CEC 
(1954) has 
[5] 
[6] 
meq/1 and, 
[ 7 J 
shown that an 
SAR of 10 is equal to an ESP of 10, and generally speaking clay colloids with 
an ESP of 10 undergo dispersion (causing high sediment loads in water), The 
same relationship may not hold for shale-clays where the mineralogy is 
dominated by kaolinite, 
The role of the SAR in causing high suspended solids in coal mine 
sedimentation ponds is the subject of investigation in the coming year of 
1984-1985 and no further discussion will be carried out here, 
A frequently discussed interaction in explaining flocculation in a clay 
suspension system (sedimentation pond) is edge-to-face flocculation, In 
kaolinitic systems this mechanism is important because it takes place at pH 
values near 4,6 (Stumm and Morgan 1970; Schofield and Samson, 1953; Quirk and 
Schofield 1955), Such pH values are often encountered in coal mining 
environments. The edge-to-face flocculation can be disrupted in three ways, 
First, by adding a relatively small amount of· salt which in essence will 
"screen" the opposing charge sites (Quirk and Schofield, 1955), Second, by 
adding a different clay mineral to the suspension one will also produce a 
screening effect (Arora and Coleman, 1978; Quirk and Schofield 1955), Third, 
raising the suspension pH will decrease the positive charge, thus the degree of 
9 
attraction between the clay particles will be considerably reduced (Arora and 
Coleman 1978, Quirk and Schofield, 1955), 
In sedimentation ponds, upon raising the pH above 6 to comply with U, 
S.Environmental Protection Agency regulations and often in order to facilitate 
removal of iron and manganese, edge-to-face flocculation is being disrupted and 
double layer interactions come into play, The magnitude of the force with 
which two double layers interact is related to their thickness and the distance 
separating them, This has been demonstrated by Yong and Sethi (1977), From 
Gouy-Chapman theory (Stuum and Morgan, 1970), the thickness of the double layer 
in cm is given by: 
R = 
Where e = charge of electron 
E = dielectric constant 
kT = Boltzman constant times absolute temperature 
N = Avogadro's number 
I= ionic strength 
[8] 
From the above, only the ionic strength is a variable if temperature 
remains constant. Therefore: R = K(I)-l/ 2 [9] 
where K is a constant equal to [EkT/8 e 2NJ 112 , 
Hence, R/K = (I) -l/Z [lo J 
The value R/K will be referred to as the repulsive index (RI), 
Furthermore, from data representing water of several coal mine sedimentation 
ponds in Kentucky, a relationship between EC and ionic strength (I) will be 
established (Griffin and Jurinak 1973) since 
large number of calculations. Therefore: 
the 
RI = 
estimation of 
[(K)(EC)]-l/ 2 
I involves a 
[ 11] 
where K is an empirical constant relating EC and I, for water chemistry of coal 
mine sedimentation ponds, This easily obtained index (RI) can then be used to 
indicate dispersive potential of the reservoir waters. 
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Dispersion/Flocculation Experiments 
Constant Spoil-Water Ratio 
Dispersion/flocculation experiments were carried out to observe the 
relationship between water chemistry and dispersed solids of colloidal nature. 
In order to facilitate measurements of concentrations of suspended solids with 
respect to time, calibration curves were established utilizing the relationship 
between percent transmittance and concentrations of suspended solids. These 
calibration curves are shown in figures 2, 3, 4 and 5. The relationship is 
unique for each sample because of color, shape and size of suspended solids. 
In the first set of dispersion flocculation experiments, 3 grams of the 
spoil subsamples selected were weighed and placed in each of 20 50-ml, 20-cm 
high glass test tubes. Ten of the test tubes served as duplicates. To each 
one of these 20 glass test tubes 50 ml of distilled deionized water was added. 
The test tubes were mixed with the aid of a Vortex-Genie and pH and EC 
measurements were made with an Orion ionalyzer/901 and an Amber Science model 
1051, respectively. The suspended solids were allowed to settle out and from 
successive sets of test tubes 10, 20, 30, 40, 50, 60, 70, 80, and 90 percent of 
the solution was replaced with distilled deionized water. This process gave a 
gradient in water chemistry and simulated rainfall events in the open 
environment under which sedimentation pond water would undergo dilution. 
After establishing a water chemistry gradient, the test tubes were shaken 
and percent transmittance was taken with a Brinkman PC800 Colorimeter at 560 
nm, equipped with an immersable probe. 
Measurements were taken at 5-cm depth with respect to time. The time span 
between measurements was variable and dependent on the dispersive properties of 
the sample tested. 
Variable Spoil-Water Ratio 
The above experiment was repeated, but instead of varying the water 
chemistry with replacement of spoil water, this was accomplished by varying the 
spoil-water ratio. 
11 
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CHAPTER III - DATA AND RESULTS 
Physical and Chemical Analyses of Spoil and Water Samples 
Physical and mineralogical analyses of the coal spoil samples selected 
from mine fields of Eastern and Western Kentucky to establish a data base are 
shown in Tables 2 through 11. The data in these tables reveal that there is a 
great variation in physical composition and a fairly wide spectrum in clay 
mineralogy, The physical composition varies from sandy (greater than 80% sand, 
sample 70) to clayish material (greater than 60% clay, sample 110). The 
mineralogy varies from expandable 2:1 clay minerals (montmorillorite, 
vermiculite) to l: 1 clay minerals (kaolinite) and intergrades (Al-interlayer 
montmarillonite and vermiculite) along with intergrades of mica - vermiculite, 
In terms of clay-colloid dispersion flocculation phenomena, these data 
reveal that the relationship between ionic strength of the water bathing these 
systems and concentration of dispersed solids would not be unique for all 
sites but rather unique for each site that is composed of a unique clay 
mineralogy. 
The solution and exchange phase composition of the data base samples are 
shown in Tables 12 and 13, The data in both Tables show the dominance of these 
systems by the divalent cations calcium and magnesium, Furthermore, these data 
indicate that because of the insignificant concentrations of monovalent cations 
relative to the concentrations of the divalent cations, interactions between 
divalent and monovalent upon water dilution of these systems would be 
insignificant 
flocculation, 
in affecting degree of clay colloid dispersion and/or 
The data in Table 13 also reveal that many of the samples have an 
extremely low base saturation suggesting that these samples may have a high 
pH-dependent charge, that is either of an oxide and/or organic functional-group 
origin, For the samples we selected for the dispersion flocculation studies as 
we shall see later in this report, the deficit in the CEC not made by the 
16 
Table 2. Physic_'l_l_and Mineralogic11l Analy_sis __ o_f Spoil Sample 10. 
CLAY MINERAL TYPE Sand )50µm 50-ZOµm 20-lOµm 10-5µm 5-2µm 2-0.2µm (0. 2µm TOTAL0 
------------------------------------------ % t---------------------------------------------
MONTMORILLONITE 
CHLORITE 
AL-INTERLAYER-!:ONT 
AL-INTERLAYER-VERM 
MICA+VERMICULITE '' 
KAOLINITE+(HAL) ** 
GIBB SITE 
QUARTZ 
FELDSPAR 
CALCITE 
DOLOMITE 
VERMICULITE *** 
PARTICLE SIZE (ELUTRATION) 
0.00 
o.oo 
0,00 
0,00 
o.oo 
80.00 
20.00 
o.oo 
0,00 
46.46 
0.00 0.00 
3.45 0.00 
o.oo 0.00 
o.oo o.oo 
24.14 25.00 
20,69 35. 71 
0.00 0.00 
41.38 35. 71 
10.34 3.57 
O;OO o.oo 
0;00 o.oo 
6,36 5.09 
o.oo 0.00 0.00 
2.17 o.oo 7.94 
0.00 0.00 o.oo 
o.oo o.oo 0.00 
21. 74 31.03 39.68 
52.17 48.28 49.21 
o.oo o.oo o.oo 
19.57 17.24 3.17 
4.35 3,45 0,00 
o.oo o.oo -----
0.00 0.00 -----
9.04 11.99 18.09 
* INCLUDES VERMICULITE CONTAINED IN THE SAND AND SILT FRACTIONS BUT ONLY THE MICA IN THE CLAY 
** THIS COULD CONTAIN SOME HALLOYSITE AS THE METHOD USED CAN'T DIFFERENTIATE BETWEEN THEM. 
*** THIS IS THE VERMICULITE IN ONLY THE CLAY FRACTION, 
O A WEIGHTED AVERAGE FOR WHOLE SAMPLE. 
t PERCENTAGE OF THAT MINERAL IN EACH FRACTION. 
17 
0.00 0.00 
8.33 2.10 
o.oo 0.00 
0.00 0.00 
66.67 17.65 
25.00 23.28 
0.00 0.00 
0.00 46.03 
a.co 10.94 
----- o.oo 
----- 0,00 
2.97 100.00 
Table 3. Physical and Mineralogical Analysis of Spoil Sample 20, 
CLAY MINERAL TYPE Sand )50µm 50-20µm 20-lOµm 10-5µm 5-2µm 2-0. 2µm (0. 2µm TOTAL0 
% t --------------------------------------------
MONTMORILLONITE 
CHLORITE 
AL-INTERLAYER-MONT 
AL-INTERLAYER-VERM 
MICA+VERMICULITE * 
KAOLINITE+(HAL) *" 
GIBB SITE 
QUARTZ 
FELDSPAR 
CALCITE 
DOLOMITE 
VERNICULITE >bb, 
PARTICLE SIZE (ELUTRATION) 
0.00 
o.oo 
0.00 
o.oo 
o.oo 
68.97 
31.03 
0.00 
0.00 
24.59 
o.oo 
o.oo 
o.oo 
o.oo 
19.51 
, 9. 76 
o.oo 
48.78 
21.95 
o.oo 
o.oo 
12.73 
o.oo 
o.oo 
o.oo 
0.00 
40.00 
16.67 
0.00 
36.67 
6.67 
0.00 
a.op 
13.53 
o.oo o.oo 0.00 
4.76 4. 35 0.00 
0.00 o.oo o.oo 
o.oo 0.00 5. 88 
26.19 30.43 39.22 
28.57 26.09 49.02 
0.00 o.oo o.oo 
35. 71 30.43 1.96 
4.76 8.70 o.oo 
o.oo 0.00 -----
0.00 o.oo -----
3.92 
13.23 12.79 19.50 
* INCLUDES VERMICULITE CONTAINED IN THE SAND AND SILT FRACTIONS BUT ONLY THE MICA IN THE CLAY 
*" THIS COULD CONTAIN SOME HALLOYSITE AS THE METHOD USED CAN'T DIFFERENTIATE BETWEEN THEM. 
''*'' THIS IS THE VERMICULITE IN ONLY THE CLAY FRACTION. 
O A WEIGHTED AVERAGE FOR WHOLE SAMPLE, 
t PERCENTAGE OF THAT MINERAL IN EACH FRACTION. 
18 
23.53 0.85 
0.00 1.19 
o.oo 0.00 
8.82 1.47 
44.12 24.50 
23.53 21.03 
o.oo 0.00 
0.00 37 .13 
o.oo 13.07 
----- 0.00 
----- o.oo 
o.oo o. 76 
3.63 100. 00 
Table 4. Physical and Mineralogical analysis of Spoil Sample 30. 
CLAY MINERAL TYPE Sand )50µm 50-20µm 20-lOµm 10-5µm 5-2µm 2-0. 2µm (0. 2µm TOTA!? 
% t --------------------------------------------
MONTMORILLONITE 
CHLORITE 
AL-INTERLAYER-MONT 
AL-INTERLAYER-VERM 
MICA+VERMICULITE * 
KAOLINITE+(HAL) ** 
GIBBSITE 
QUARTZ 
FELDSPAR 
CALCITE 
DOLOMITE 
VERMICULITE '''** 
0.00 
o.oo 
o.oo 
0.00 
0.00 
78. 5 7 
21.43 
o.oo 
0.00 
o.oo 
o.oo 
o.oo 
0.00 
19.05 
24.29 
0.00 
52.38 
14.29 
0.00 
o.oo 
0.00 0.00 
0.00 6.45 
o.oo o.oo 
o.oo 0.00 
18.75 29.03 
18.75 12. 90 
0.00 0.00 
56.25 45.16 
6. 25 6.45 
o.oo o.eo 
o.oo o.oo 
0.00 0.00 0.00 0.00 
4.00 0.00 0.00 1.10 
0.00 7.50 4.35 1.28 
0.00 7.50 o.oo 1.21 
28.00 55.00 86.96 18.29 
24.00 30.00 8.70 10.82 
0.00 o.oo 0.00 0.00 
36.00 o.oo o.oo 53.85 
8.00 0.00 0.00 13.44 
o.oo ----- ----- 0.00 
0.00 ----- ----- 0.00 
o.oo 0.00 0.00 
------------------------------------------------------------------------------------------
PARTICLE SIZE (ELUTRATION) 50.93 4.03 5. 30 9.05 12.92 16.16 
* INCLUDES VERMICULITE CONTAINED IN THE SAND AND SILT FRACTIONS BUT ONLY THE MICA IN THE CLAY 
** THIS COULD CONTAIN SOME HALLOYSITE AS THE METHOD USED CAN'T DIFFERENTIATE BETWEEN THEM .• 
*** THIS IS THE VERMICULITE IN ONLY THE CLAY FRACTION. 
O A WEIGHTED AVERAGE FOR WHOLE SAMPLE., 
t PERCENTAGE OF THAT MINERAL IN EACH FRACTION, 
19 
1.61 100.00 
Table 5. Physical and Nineralogical analysis of Spoil Sample 60. 
CLAY MINERAL TYPE 'Sand )50µm 50-20µm 20-lOµm 10-5µm 5-2µm 2-0.Zµm < 0. Zurn TOTAL0 
----------------------------------------- % --------------------------------------------
MONTMORILLONITE 
CHLO RITE 
AL-INTERLAYER-MONT 
AL-INTERLAYER-VERM 
MICA+VERMICULITE * 
KAOLINITE+(HAL) ''* 
GIBB SITE 
QUARTZ 
FELDSPAR 
CALCITE 
DOLOMITE 
VERMICULITE '°""' 
o.oo 
0.00 
o.oo 
o.oo 
0.00 
69. 77 
30. 23 
o.oo 
o.oo 
o.oo 
2.04 
0.00 
0.00 
8.16 
2.04 
0.00 
61. 22 
26.53 
o.oo 
0.00 
0.00 o.oo 
o.oo 0.00 
o.oo o.oo 
o.oo 0.00 
10.81 9.38 
2.70 o.oo 
o.oo 0.00 
72.97 78.13 
13. 51 12.50 
0.00 0.00 
o.oo o.oo 
o.oo o.oo 0.00 0.00 
o.oo 6.98 0.00 1.08 
o.oo 0.00 o.oo 0.00 
0.00 0.00 0.00 0.00 
22.73 38.37 58. 9 7 10.74 
31.82 48.84 35.90 9.02 
o.oo o.oo 0.00 0.00 
36.36 5.81 o.oo 29.28 
9.09 0.00 0.00 19.81 
0.00 ----- ----- 0.00 
o.oo ----- ----- 0.00 
0.00 5.13 0.07 
- --- - --- ---------------------------------------------------------------------------
PARTICLE SIZE (ELUTRATION) 37.50 16.13 17.22 9.24 7.80 10. 76 
* INCLUDES VERMICULITE CONTAINED IN THE SAND AND SILT FRACTIONS BUT ONLY THE MICA IN THE CLAY 
*''' THIS COULD CONTAIN SOME HALLOYSITE AS THE METHOD USED CAN'T DIFFERENTIATE BETWEEN THEM .. 
''*'' THIS IS THE VERMICULITE IN ONLY THE CLAY FRACTION. 
O A WEIGHTED AVERAGE FOR WHOLE SAMPLE, 
t PERCENTAGE OF THAT MINERAL IN EACH FRACTION, 
20 
1.35 100.00 
Table 6· Physical and Mineralogical analysis of Spoil Sample 70. 
CLAY MINERAL TYPE Sand ) SOµm 50-20µm 20-lOµm 10-Sµm 5-2µm 2-0, 2µm ( 0. 2µm TOTAL0 
% t --------------------------------------------
MONTMORILLONITE 
CHLORITE 
AL-INTERLAYER-MONT 
AL-INTERLAYER-VERM 
MICA+VERMICULITE * 
KAOLINITE+(HAL) '"' 
GIBB SITE 
QUARTZ 
FELDSPAR 
CALCITE 
DOLOMITE 
VERMICULITE '""' 
o.oo 
0.00 o.oo 
o.oo 
o.oo o.oo 
16.22 14.29 
13.51 11.90 
o.oo 40.48 
45.95 21.43 
24.32 11.90 
o.oo o.oo 
0.00 o.oo 
0.00 0.00 
2.17 0.00 
o.oo o.oo 
o.oo 0,00 
26.09 25,00 
26.09 35.71 
o.oo 0.00 
34.78 28.57 
10.87 10. 71 
0.00 O.QO 
0,00 o.oo 
o.oo 0.00 0.00 0.00 
1.49 4.48 0.00 0.34 
o.oo 0,00 0.00 0.00 
0.00 o.oo 4.55 o.os 
17 .91 22.39 36.36 17.26 
so. 75 64.18 45.45 18.38 
0.00 0.00 0.00 2.33 
20.90 4.48 0.00 40.42 
8.96 0.00 0.00 20.87 
0.00 ----- ----- o.oo 
o.oo ----- ----- 0.00 
4.48 13.64 0.36 
---------------------------------------------.--------------------------------------------
PARTICLE SIZE (ELUTRATION) 79 .13 5.76 3.37 3.00 2.76 4.97 
* INCLUDES VERMICULITE CONTAINED IN THE SAND AND SILT FRACTIONS BUT ONLY THE MICA IN THE CLAY 
*'' THIS COULD CONTAIN SOME HALLOYSITE AS THE METHOD USED CAN'T DIFFERENTIATE BETWEEN THEM. 
*** THIS IS THE VERMICULITE IN ONLY THE CLAY FRACTION, 
O A WEIGHTED AVERAGE FOR WHOLE SAMPLE-
t PERCENTAGE OF THAT MINERAL IN EACH FRACTION, 
21 
1.01 100.00 
Table 7. Physical and Minerawgical anal,ysis of . Spoil Sample 100. 
CLAY MINERAL TYPE Sand ) 50µm 50-20µm 20-lOµm 10-5µm 5-2µm 2-0. 2µm ( 0. 2µm TOTAL 0 
----------------------------------------- %t --------------------------------------------
MONTMORILLONITE 
CHLORITE 
AL-INTERLAYER-MONT 
AL-INTERLAYER-VERM 
MICA+VERMICULITE * 
KAOLINITE+(HAL) ** 
GIBBSITE 
QUARTZ 
FELDSPAR 
CALCITE 
DOLOMITE 
VERMICULITE '""' 
o.oo 
0.00 
0.00 
0.00 
o.oo 
76 .19 
23,81 
o.oo 
o.oo 
o.oo 
o.oo 
0.00 
o.oo 
23.53 
17.65 
0.00 
4 7 .06 
11. 76 
0.00 
o.oo 
0,00 o.oo 
5.88 4.76 
0.00 0.00 
o.oo 0.00 
23.53 26.19 
20.59 28,57 
o.oo 0,00 
41.18 35. 71 
8.82 4.76 
o.oo O.QO 
o.oo 0.00 
0.00 8.00 80.00 13.97 
0.00 2.00 0.00 1.82 
o.oo 4.00 0.00 1.05 
0.00 0.00 0.00 0.00 
18.18 24.00 5.00 18.39 
11.36 34,00 15.00 20.97 
b.oo o.oo 0.00 o.oo 
65.91 12.00 o.oo 33 .85 
4.55 0.00 0.00 5.75 
0.00 ----- ----- o.oo 
o.oo ----- ----- 0.00 
16.00 0.00 4. 20 
---------------------------------------------.--------------------------------------------
PARTICLE SIZE (ELUTRATION) 9.26 11.33 10.18 14.68 13.48 26.25 
* INCLUDES.VERMICULITE CONTAINED IN THE SAND AND SILT FRACTIONS BUT ONLY THE MICA IN THE CLAY 
>Ii< THIS COULD CONTAIN SOME HALLOYSITE AS THE METHOD USED CAN'T DIFFERENTIATE BETWEEN THEM. 
''*'' THIS IS THE VERMICULITE IN ONLY THE CLAY FRACTION. 
O A WEIGHTED AVERAGE FOR WHOLE SAMPLE. 
t. PERCENTAGE OF THAT MINERAL IN EACH FRACTION. 
22 
14.24 100.00 
Table 8, Physical and Mineralogical analysis of Spoil Sample 110. 
CLAY MINERAL TYPE Sand ) 50µrn 50-20µrn 20-lOµrn 10-5µrn 5-2µrn 2-0. 2µrn ( 0. 2µrn TOTAL0 
%t --------------------------------------------
MONTMORILLONITE ----- 0.00 o.oo o.oo o.oo o.oo 1. 72 0.11 
CHLORITE 0.00 0.00 0.00 2.44 o.oo 7.76 0.00 3.01 
AL-INTERLAYER-MONT ----- o.oo o.oo 0.00 o.oo 0.00 0.00 0.00 
AL-INTERLAYER-VERM 0.00 o.oo o.oo . 0.00 o.oo o.oo 0.00 0.00 
MICA+VERMICULITE * 11. 76 21.21 17.39 24.39 13.79 32.38 53.45 28.15 
KAOLINITE+(HAL) ** 9.80 54.55 17.39 24.39 1.3. 79 59.05 39:66 43. 96 
GIBB SITE o.oo 9.09 o.oo o.oo 0.00 o.oo 0.00 0.12 
QUARTZ 70.59 o.oo 52.17 39.02 58.62 2.86 o.oo 20.01 
FELDSPAR 7.84 15 .15 13.04 9.76 13. 79 o.oo o.oo 3. 71 
CALCITE 0,00 0.00 o.oo o.oo o.oo ----- ----- o.oo 
DOLOMITE 0.00 0.00 o.oo o.oo o.oo ----- ----- o.oo 
VERMICULITE ,,,h, 
----- -----
----- ----- -----
0.95 5.17 0.93 
------------------------------------------------------------------------------------------
PARTICLE SIZE (ELUTRATION) 9.18 1. 27 1. 79 2.62 16.74 61.80 
* INCLUDES VERMICULITE CONTAINED IN THE SAND AND SILT FRACTIONS BUT ONLY THE MICA IN THE CLAY 
''* THIS COULD CONTAIN SOME HALLOYSITE AS THE METHOD USED CAN'T DIFFERENTIATE BETWEEN THEM. 
''*'' THIS IS THE VERMICULITE IN ONLY THE CLAY FRACTION. 
O A WEIGHTED AVERAGE FOR WHOLE SAMPLE, 
t PERCENTAGE OF THAT MINERAL IN EACH FRACTION. 
23 
6.60 100.00 
Table 9. Physical and Mineralogical analysis of Spoil s.am£le 120. 
CLAY MINERAL TYPE Sand ) 50µm 50-20µm 20-lOµm 10-5µm 5-2µm 2-0. 2µm ( 0. 2µm TOTAL0 
----------------------------------------- %t. --------------------------------------------
MONTMORILLONITE 
CHLORITE 
AL-INTERLAYER-MONT 
AL-INTERLAYER-VERH 
MICA+VERHICULITE * 
KAOLINITE+(HAL) *'' 
GIBBSITE 
QUARTZ 
FELDSPAR 
CALCITE 
DOLOMITE 
VERMICULITE '""' 
0.00 
0.00 
o.oo 
o.oo 
o.oo 
77. 78 
22.22 
o.oo 
0.00 
0.00 
0.00 
0.00 
o.oo 
5.00 
7.50 
42.50 
35.00 
10.00 
0.00 
0.00 
0.00 0.00 
0.00 o.oo 
0.00 0.00 
0.00 0.00 
24.00 23.81 
28.00 42.86 
o.oo o.oo 
44.00 28.57 
4.00 4. 76 
o.oo O.QO 
o.oo 0.00 
0.00 0.00 0.00 0.00 
o.oo 4.23 2.22 0.95 
o.oo 0.00 0.00 0.00 
o.oo o.oo 2.22 0.07 
30. 77 32.39 51.11 17.15 
49.23 60.56 44.44 27.69 
b.oo o.oo 0.00 1.99 
18.46 2.82 0.00 41.87 
1.54 0.00 0.00 10.27 
o.oo ----- ----- 0.00 
0.00 
----- ----- 0.00 
0.00 o.oo o.oo 
---------------------------------------------.--------------------------------------------
PARTICLE SIZE (ELUTRATION) 39 .51 4.69 7. 87 10.43 13 .37 20.84 
* INCLUDES VERMICULITE CONTAINED IN THE SAND AND SILT FRACTIONS BUT ONLY THE MICA IN THE CLAY 
,,,, THIS COULD CONTAIN SOME HALLOYSITE AS THE METHOD USED CAN'T DIFFERENTIATE BETWEEN THEM. 
''*'' THIS IS THE VE.RHICULITE IN ONLY THE CLAY FRACTION. 
O A WEIGHTED AVERAGE FOR WHOLE SAMPLE. 
t PERCENTAGE OF THAT MINERAL IN EACH FRACTION, 
24 
3.28 100.00 
CLAY MINERAL TYPE 
MONTMORILLONITE 
CHLORITE 
AL-INTERLAYER-MONT 
AL-INTERLAYER-VERM 
MICA+VERMICULITE * 
KAOLINITE+(HAL) '"' 
GIBBSITE 
QUARTZ 
FELDSPAR 
CALCITE 
DOLOMITE 
VERMICULITE '""' 
PARTICLE SIZE (ELUTRATION) 
Table 10. Physical and Mineralogical analysis of Spoil Sample 130. 
Sand ) SOµm 50-20µm 20-lOµm 10-Sµm 5-2pm 2-0. 2µm < 0. 2µm TOTAL0 
----------------------------------------- % t --------------------------------------------
0.00 o.oo o.oo o.oo 0.00 o.oo o.oo 
0.00 0.00 0.00 o.oo o.oo 3.90 0.00 1.14 
o.oo o.oo 0.00 0.00 o.oo 0.00 0.00 
o.oo o.oo o.oo o.oo 0.00 0.00 o.oo 0.00 
0.00 22.22 39.13 31.58 37.21 53.25 73.33 37.15 
0.00 16.67 17.39 31.58 3.7.21 40.26 26.67 28.25 
0.00 o.oo o.oo o.oo o.oo 0.00 0.00 0.00 
81.82 SO.DO 39.13 31.58 23.26 2.60 0.00 28.61 
18.18 11.11 4. 35 5. 26 2. 33 0.00 0.00 4 .85 
0.00 o.oo o.oo 0.00 o.oo ----- ----- o.oo 
0.00 o.oo o.oo o.oo 0.00 ----- ----- o.oo 
o.oo o.oo o.oo 
-------------------------------------------------~----------------------------------------
10.96 9. 72 12. 72 15 .10 18.40 29.27 3.83 100.00 
* INCLUDES VERMICULITE CONTAINED IN THE SAND AND SILT FRACTIONS BUT ONLY THE MICA IN THE CLAY 
** THIS COULD CONTAIN SOME HALLOYSITE AS THE METHOD USED CAN'T DIFFERENTIATE BETWEEN THEM, 
''*'' THIS IS THE VERMICULITE IN ONLY THE CLAY FRACTION. 
O A h~IGHTED AVERAGE FOR WHOLE SAMPLE. 
t PERCENTAGE OF THAT MINERAL IN EACH FRACTION. 
25 
Table ll, Physical and Mineralogical analysis of Spoil Sample 140, 
-- -- - - ----
CLAY MINERAL TYPE Sand )50µm 50-20µm 20-lOµm 10-5µm 5-2µm 2-0, 2µm ( 0.2µm TOTAL0 
----------------------------------------- % t --------------------------------------------
MONTMORILLONITE 
CHLORITE 
AL-INTERLAYER-MONT 
AL-INTERLAYER-VERM 
MICA+VERMICULITE * 
KAOLINITE+(HAL) ** 
GIBB SITE 
QUARTZ 
FELDSPAR 
CALCITE 
DOLOMITE 
VERMICULITE '''"' 
PARTICLE SIZE (ELUTRATION) 
o.oo 
0,00 
o.oo 
0.00 
0.00 
87.50 
12.50 
o.oo 
o.oo 
68.36 
0.00 0.00 
o.oo o.oo 
o.oo o.oo 
o.oo o.oo 
22.22 32.35 
18.52 23.53 
0.00 0,00 
51.85 38.24 
7.41 5. 88 
o.oo o.oo 
0.00 o.oo 
6,49 5.16 
0.00 0.00 0.00 
0.00 2.56 0.00 
o.oo o.oo o.oo 
o.oo o.oo 0.00 
35.48 17.95 18.42 
38.71 56,41 80.26 
0.00 0,00 o.oo 
22.58 17.95 1. 32 
3.23 5,13 0,00 
0.00 o.oo -----
o.oo o.oo -----
0,00 
4. 77 5.42 8.26 
* INCLUDES VERMICULITE CONTAINED IN THE SAND AND SILT FRACTIONS BUT ONLY THE MICA IN THE CLAY 
** THIS COULD CONTAIN SOME HALLOYSITE AS THE METHOD USED CAN'T DIFFERENTIATE BETWEEN THEM. 
1'*'' THIS IS THE VERMICULITE IN ONLY THE CLAY FRACTION, 
O A WEIGHTED AVERAGE FOR WHOLE SAMPLE. 
t PERCENTAGE OF THAT MINERAL IN EACH FRACTION • 
26 
0.00 0.00 
0.00 0.14 
0.00 0.00 
0,00 o.oo 
45. 45 8,00 
45,45 14.65 
0.00 0,00 
0.00 67.31 
o.oo 9.76 
----- o.oo 
-----
0.00 
9.09 0.14 
1.54 100.00 
Table 12. Solution phase composition of 1:2 spoil - water extracts. 
Sample 
Identification pH Ca Mg Na K Mn Cl S04 EC 
---~-----~----------------meq 
1-1 __________________________ 
mmhos cm-1 
10 3.8 28.693 28.184 1.046 0.141 1.901 0.303 59.662 4.00 
20 4.7 0.349 0.272 0.859 0.063 0.006 0.152 1.397 0.12 
30 7.9 5.639 2.596 1.081 o. 768 0.004 0.168 9.920 1.06 
60 7.8 29.441 1.276 1.499 0.394 0.004 0.472 32.142 o. 71 
70 6.2 0.349 0.078 0.825 0.084 0.004 0.228 1.112 0.06 
100 4.4 11.128 6.995 0.877 0.376 1.317 20.497 1.88 
110 7.6 2.021 o. 729 1.044 0.303 0.009 0.334 3. 772 0.38 
120 6.2 5.215 3.358 0.996 0.416 0.168 0.219 9.934 0.93 
130 7.4 1.93 1.757 0.903 0.430 0.018 0.131 4.907 0.52 
140 3.4 0.674 0.333 0.898 0.141 0.096 0.152 .1.99 0.28 
27 
Table 13. Exchange phase composition of spoil samples considering a 1:2 spoil - water 
e uilibrium ratio. 
Sample 
I.D. II 
10 
20 
30 
60 
70 
100 
110 
120 
130 
140 
*Ex= 
*ExCa ExMg ExNa ExK. ExMn CEC 
----------------meq/lOOg----------------------------
.4',53 0.87 0.25 0.05 0.11 7.79 
, 1.56 1.18 0.20 0.14 0.31 9.48 
13.47 2.12 0.21 0.37 0.10 9.64 
5.81 1.06 0.19 0.15 0.09 4.46 
1.26 0. 79 0.23 0.10 o. 74 3.48 
2.51 1.57 0.17 0.14 0.12 8.31 
0.34 1.92 0.36 0.28 0. 74 11. 73 
0.63 1.40 0.21 0.11 0.60 7. 07 
3.00 2.ll 0.21 0.08 0.17 6.32 
0.51 0.11 0.18 0.04 0.01 2.84 
Ammonium Acetate Extractable 
28 
Base Organic 
Saturation Matter 
---------- % ---------
73.17 1.45 
32;47 0.55 
167.65 2.37 
161. 48 4.62 
68.29 0. 76 
52.82 1.87 
24. 72 3.44 
33.24 12.22 
85.44 3.33 
29.93 0.62 
+ 
cations shown in Table 12 is most likely made by H and not Al3+. The 
This latter is found to be negligible in the selected coal spoils samples. 
observation is important in terms of colloidal dispersion/flocculation 
phenomena. We will pursue this in the second year of the study. 
The water composition and concentration of selected sedimentation ponds 
from the coal mine fields to be used as data base is shown in Table 14. The 
reader of this report should be aware that in this study we are not interested 
to show if the water from these ponds meets the minimum standard requirements 
set by the U. S. Environmental Protection Agency. In this study, we are 
interested to show that generally water emanated from sedimentation ponds in 
Kentucky is of low electrical conductance and the ions contributing to the 
electrical conductance are mainly calcium, magnesium, sodium and potassium. 
Furthermore, the relative proportion of monovalent to divalent cations highly 
favors divalent cations, and SAR values do not approach the threshold of clay 
dispersion which is near 10 (U. S. Sal. Lab. Staff. 1954). 
The data in Table 14 were speciated utilizing computer modeling 
(Evangelou, 1981) and 
generated ionic strength 
plotting 
(I), the 
electrical conductance (EC) 
relationship I = [0.012] [EC, 
vs. computer 
-1 
mmhos cm ] 
was obtained. This relationship is shown in figure 6. The relationship has· 
been used to predict dispersive/flocculative clay colloid potential and rates 
of clay colloid settling. 
Dispersion/Flocculation Experiments 
Constant Spoil-Water Ratio 
The results describing the rate of suspended solids settling for the 
variable ionic strengths established by solution replacement are shown in 
figures 7 through 10. The data demonstrate that indeed the rate of settling is 
affected by EC of solution. Furthermore, this rate of settling as affected by 
ionic strength is different for each spoil sample. This difference is most 
likely due to size, shape and clay mineralogy of the colloidal phases. 
The data in figures 7 through 10 clearly demonstrate that upon diluting 
the water of coal mine sedimentation ponds, stable suspended solids can be 
obtained suggesting that this is most likely what is happening in sedimentation 
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Table 14. Water Comeositi_on of Selected Sedimentation Ponds in Kentuck:r: Coal Mine Fields 
Sample E. C. Alkalinity Ionic I. D. II Ca Mg Na K Mn Fe Al Cl S04 mmhos/cm pH HC03 Strength 
--------------------------------meq/1---------------------------------
---meq/1-- --mol/1-
1• 5.41 4.80, 0.50 
2 0.46 0.42 0.26 
3 0.36 0.81 0.34 
4 2.04 1.02 0.29 
5 2.04 1.60 0.62 
6. 3.52 2.24 0.63 
7 3.09 4. 30 0.75 
8 2.65 3.66 0.63 
9 0.32 0.36 0.38 
10 0.85 0.25 0.20 
11 0.52 0.17 0.11 
12 0.85 0.21 0.12 
13 0.20 0.14 0.12 
14 3.28 3.24 0.30 
15 17. 27 12.55 13.57 
16 2.22 2.83 0.95 
+Acidity in HCOj equivalents 
*l - Perry Co., Kentucky 
2 - Martin Co., Kentucky 
3 - Martin Co., Kentucky 
4 - Martin Co., Kentucky 
0.27 
0.10 
o. 24 
0.05 
0.07 
0.22 
0.21 
0.19 
0.08 
0.05 
0.02 
0.05 
0.05 
0.08 
0.44 
0.06 
5, 7, 8, 9 - Johnson Co., Kentucky 
6 - Martin Co., Kentucky 
10- Nolin River Lake, Kentucky 
11- Lake Beshear, Kentucky 
12- Rough River Lake, Kentucky 
13- Lake Malone, Ke~tucky 
14, 15, 16 - Hopkins Co,, Kentucky 
----- ----
-----
----
----- ----
-----
----
0.174 o.oo 
----- 0000 
-----
----
----- ----
----- ----
----- ----
----- ----
-----
----
----- ----
----- ----
-----
----
----- ----
(J.0006 0.46 12.37 1.400 7.9 3.69 .017 (0.0006 0.47 1.31 0.160 6.6 0.75 .002 (J.0006 0. 72 2.12 0.360 7.2 1. 72 .003 (0.0006 0.28 2.62 0.320 7.1 1.17 .005 
1.33 0.35 5.53 0.760 3.6 -1.67+ .008 
0.0006 0.45 6.95 0.830 7.5 1.63 0.10 
------ 0.42 7.42 0.870 7.6 1.11 0.13 
------ 0. 31 5.98 0.790 7.6 1.15 0.11 
------ 0.58 0.61 0.070 7.3 0.53 .002 
(.0006 
---- 0.24 0.161 8.0 2.91 0.002 (.0006 
---- 0.23 0.103 7.8 4.17 0.002 
(. 0006 ---- 0.27 0.158 8.1 2.85 0.002 ( .0006 
---- 0.20 0.063 7.1 3.11 0.001 
(.0006 
---- 8.30 0.985 6.8 0.12 0.011 (.0006 
---- 43.66 4.270 8.0 3. 75 0.061 
(.0006 ---- 7.30 0.78 6.9 0.12 0.010 
30 
SAR SAR 
Activity Concentration 
0.272 0.221 
0.412 0.392 
0.472 0.445 
0.265 0.235 
0.551 0.457 
0.441 0.371 
0.478 0.390 
0.428 0.355 
0.694 0.652 
0.295 0.269 
0.200 0.187 
0.180 0.165 
0.306 0.291 
0.200 0.166 
5.248 3.514 
0. 720 0.598 
0.020 
0.018 
0.016 
~ 0.014 
e o.o 12 
;,0.010 
c 
"' !: 0.008 
l,J (/) 
f-" 
.~ 0.006 
0 
.5: 
0.004 
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0.000 
0.0 0.10 
Figure 6, 
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Figure 10. Rates of particle settling as a function of 
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,.. 
ponds of Kentucky during rainfall events. Kentucky coal operators notice that 
after a rainfall event many ponds retain high suspended solids for weeks to 
come. 
Variable Spoil-Water Ratio 
The results describing the rate of suspended solid settling for the 
variable ionic strength established by different spoil-water ratios are shown 
in figures 11 through 14. The data demonstrate that the resulting water 
chemistry from different spoil-water ratios carried into a sedimentation 
pond, (Tables 15 and 16) ultimately affect rates of suspended solid settling. 
The suspended solid behavior shown in figures 11 through 14 is basically 
similar to that shown in figures 7 through 10. The conclusion that one can 
draw from this set of data (Figures 7 through 14) is that any changes in the 
solution chemistry that bathes suspended colloidal phases will alter the 
concentration of suspended solids. Therefore, the concentration of suspended 
solids in a sedimentation pond is a function of the ultimate result of the 
water chemistry as dictated by the net outcome of a rainfall event. 
One should keep in mind that in order for these colloid-water chemistry 
interactions to come into play, a sedimentation pond should be well designed 
exhibiting a detention time that is at least an hour long, thus minimizing the 
impact of the physical forces that can overcome the physico-chemical forces. 
Most sedimentation ponds designed by qualified engineers have water detention 
times of at least 2 hours. 
Relationships of Water Chemistry vs. Suspended Solids 
The data, for the four samples, relating the RI vs behavior of suspended 
solids are shown in figures 15 and 16. Figures 15 and 16 demonstrate that 
every spoil sample has two unique components. These components are: a) How 
responsive a colloidal phase is to the RI, b) threshold value of RI which 
allows nearly zero suspended solids. 
The data in figures 15 and 16 demonstrate that each spoil sample has 
unique sensitivity to the RI and furthermore, each sample exhibits a different 
RI threshold for minimum suspended solids. For example, sample 20 has a 
threshold RI value for minimum suspended solids at near 30, but sample 100 
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Table 15. Electrical Conductance and pH of the Variable Spoil - Water Ratios. 
EC 
Spoil/water pH mmhos/cm 
SAMPLE: 20 
1/50 5.08 0.02 
2/50 4.90 0.03 
3/50 4.82 0.04 
4/50 4.82 0.05 
5/50 4. 72 0.06 
SAMPLE: 60 
1/50 8.32 0.08 
2/50 8.02 0.12 
3/50 8.36 0.16 
4/50 7.99 0.20 
5/50 8.16 0.24 
SAMPLE:100 
1/50 5.19 0.12 
2/50 4.88 0.19 
4/50 5.13 0.33 
6/50 4.81 0.42 
8/50 5.11 0.57 
SAMPLE:130 
1/50 6.44 0.06 
2/50 6.82 0.10 
3/50 6.57 0.12 
5/50 6.82 0.15 
7/50 6.69 0.22 
41 
Table 16. Solution Phase Com:eosition of Variable S12oil -·water Extractions 
Spoil: 
Sample Water 
I.D. II Ratio Ca Mg Na K Cl* S04 mmhos/1 pH 
----------------------meq/1----------------------
20 3:50 0.06 0.03 0.12 0.02 0.08 0.26 .034 6.4 20 9:50 0.13 0.09 0.15 0.04 0.32 0.25 0.57 6.3 20 15:50 0.16 0.14 0.17 0.05 0.39 0.25 .065 6.5 
60 1:50 0.36 0.08 0.21 0.06 0.64 0.30 .094 7.1 60 3:50 0.65 0.20 0.27 0.10 1.07 0.37 .144 7.6 60 5:50 0.88 0.30 0.29 0.13 1.59 0.62 .221 7. 7 
100 1:50 o. 35 0.28 0.14 0.04 0.68 0.47 .115 4,8 
100 4:50 1.12 1.03 0.16 0.09 1.40 2.36 .37.6 5.2 100 8:50 2.00 1.81 0.18 0.15 2.09 4.37 .646 5.0 
130 1:50 0.26 0.24 0.14 0.04 · o. 53 0.25 .078 7.4 130 5:50 0.45 0.47 0.16 0.11 . 1.12 0.28 .140 7.5 
130 7 :50 o. 72 0.80 0.26 0.17 1.98 o. 77 .275 7.6 
* Chloride Concentration was Determined by Charge Balance 
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shows that at RI 30 it can maintain up 
solids after 90 minutes of settling time. 
-1 
to 400 mgL colloidal suspended 
Minimum sensitivity (smaller absolute slope value) to the RI is exhibited 
by sample 130, while maximum sensitivity is exhibited by sample 60. This 
demonstrates that a rainfall event with the same impact in water chemistry will 
have drastically different impact in the level of colloidal suspended solids in 
sedimentation ponds represented by the graphs of samples 130 and 60. Assuming 
that a rainfall event imposes a water dilution effect, maximum suspended solids 
after a certain settling period will be observed in the pond represented by 
sample 60. 
The overall study demonstrates that indeed double layer interactions do 
dictate degree of suspended solids of colloidal nature, especially as pH values 
approach and/ or exceed 7. At pH values below 5, the co-flocculation process 
comes into play and double layer interactions play a negligible role in 
affecting suspended solids. We demonstrated this with samples 10 and 140 
(Tables 17 and 18). Attempts to impose increases in suspended solids by 
solution replacement with distilled water (increasing the RI) failed to do so. 
This implies that the pH of these two spoil samples is near the point at which 
the net surface potential of the colloidal phases is near zero. Manipulation 
of this surface potential and its impact on suspended solids on these samples 
will be carried out on the follow up studies of the years 1984-1985. 
The above information implies that depending on the magnitude of this net 
surface potential, the RI value at which maximum dispersion and/or flocculation 
would take place can be manipulated and base saturation would be an index. 
This is demonstrated in figure 17. 
Other factors that could also effect the critical RI value at which 
maximum and/or minimum dispersion could take place is potential of the 
colloidal phases to undergo hydrolysis and/ or specific adsorption reactions. 
Hydrolysis is demonstrated by the data in Table 19. The data shows the 
exchangeable cations (especially Ca) decrease with increasing percent solution 
replacement. Because of hydrolysis, solution phase concentrations may not 
change drastically upon solution replacement, yet an increase in dispersion is 
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Table 17, Solutions phase composition of two acid spoil samples at a spoil-water ratio 
of 3:50.+ 
Sample 
I. D. II 
10 
140 
Ca 
2.83 
0.10 
Mg Na 
3.00 0,04 
0.04 0.05 
+collids cofloccufated 
K Mn 
meq/L-1 
Al 
0.04 0.27 0,174 
0.04 o.oo 0.0084 
46 
Fe 
0.04 
0.00 
6.50 
0.42 
Cl EC 
0.28 0.80 
0.29 0.05 
pH 
3.99 
4.02 
6.10 
1. 75 
KK 
Ca+Mg 
30.30 
124.03 
Table 18. Exchange phase composition of two acid spoil samples at a spoil-water 
ratio of 3:50* 
Sample 
I.D. II 
10 
140 
Ex Ca 
3.23 
o. 70 
ExMg 
18.59* 
0.16 
* Colloids Coflocculated 
ExNa 
0.10 
0.54 
47 
ExK ExMn ExAl ExFe 
meq/lOOgms --------~------~------
0.49 
.o .51 
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Table 19. Exchange phase composition of four spoil samples considering a 3:50 
spoil - water equilibrium ratio+ 
% 
Solution 
Sample replaced % Base 
I. D. II by Hz° Ca Mg Na K Saturation 
~---------- meq/100 gms--------
21 10 1.93 0.96 0.47 37.00 
23 30 1.62 1.02 0.23 0.64 30.40 
27 70 1.41 0.96 0.23 0.34 30.40 
29 90 1.12 0.79 0.24 0.12 23.93 
61 10 9.40 o. 70 0.37 0.70 250.17* 
63 30 7.14 o. 70 0.22 0.60 193.95 
67 70 5.01 0.40 0.23 0.40 135.27 
69 90 5.09 0.65 o. 24 0.30 140.65 
101 10 3.85 0.40 0.90 0.40 66.79 
103 30 3.10 0.40 0.90 0.40 57.76 
107 70 1.40 0.25 0.75 0.25 31.89 
109 90 1.15 0.25 o. 75 0.25 28.88 
131 10 4.00 2.65 0.13 0.90 121.52 
133 30 4.05 2.20 0.13 o. 65 111.23 
137 70 2.20 2.38 0.13 0.35 80.06 
139 90 1.80 2.23 0.12 0.30 70.41 
*Presence of free eaco3 
+Aluminum content was insignificant. 
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observed (Table 19, sample 20). Overall however, the data in Table 20 does 
show that upon replacement of the spoil solution with distilled water, a 
chemical gradient is established. 
Another factor that could alter dispersion/flocculation phenomena of 
colloid phases is the affinity for the cations exhibited by such colloids. 
This is demonstrated by figures 18 and 19. The plots demonstrate that sample 
30 has a greater affinity for Mg, but sample 100 has greater affinity for Ca. 
More of this type of behavior by different samples is exhibited on Table 21 
shown on 
~: and KK Ca+Mg values. This variation in 
affimity for the different cations suggest that when their proportion is varied 
within a sample, the critical RI value is expected to shift. 
50 
Table 20. Electrical conductance and pH values of the 3:50 spoil - water 
ratios established by solution replacement. 
% of H20 EC 
ID Removed pH mmhos/cm 
20 0 5.98 0.05 
21 10 0.05 
22 20 5.91 0 • .05 
23 30 0.05 
24 40 5.99 0.05 
25 50 0.03 
26 60 6.04 0.03 
27 70 0.03 
28 80 6.03 0.02 
29 90 0.02 
60 0 7.90 0.18 
61 10 0.17 
62 20 7 .92 0.16 
63 30 0.14 
64 40 8.01 0.12 
65 so 0.11 
66 60 8.22 0.10 
67 70 0.09 
68 80 8.35 0.07 
69 90 0.06 
100 0 5.13 0.23 
101 10 0.23 
102 20 5.08 0.21 
103 30 0.18 
104 40 5.07 0.15 
105 so 0.13 
106 60 5.06 0.12 
107 70 0.09 
108 80 5 .11 0.10 
109 90 0.08 
130 0 7.16 0.25 
131 10 0.21 
132 20 7.03 0.17 
133 30 0.15 
134 40 6.98 0.11 
135 so 0.09 
136 60 6.86 0.07 
137 70 0.06 
138 80 6.75 0.04 
139 90 0.04 
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Table 21. Water Chemical Composition and Concentration of Dispersion Flocculation Studies at 3:50 Spoil-Water 
Ratio and Variable Artificially Introduced Ionis Strength. 
% of 
Solution 
Sample Replaced EC 
r{a KK I. D • .II by H2o ca·- Mg Na K Cl* S04 mmhos/cm pH 
-------------- meq/1 ---------------
lg Ca+Mg 
21 10 .218 .079 .188 .030 .278 .237 .050 5.98 0.73 
23 30 .125 .052 .200 .028 .168 .273 .038 5.91 0.66 81.44 
27 70 .172 .040 • 307 .036 • 312 .243 .024 6.04 2.50 41.03 
29 90 .238 .031 .334 .042 • 399 .246 .020 6.03 1. 92 17.34 
61 10 2. 211 .412 .245 .120 2.412 • 5 76 .220 7.90 2.50 20.91 
63 30 1. 760 .332 .228 .180 1.954 .474 .175 7.92 1.92 26.74 
67 70 1.040 .202 .136 .070 1.157 .291 .130 8.22 2.43 26.32 
69 90 .788 .152 .124 .059 • 793 .330 .102 8.35 1.51 19,20 
101 10 .575 .472 .067 .074 ----- 2,405 .240 5.12 7.90 29.10 
103 30 .484 .338 .146 .073 ----- 1.922 .175 5.06 5.41 31. 73 
107 70 .• 250 .162 .080 .054 ----- .647 .090 5.06 3.63 40.27 
109 90 .213 .114 .137 .050 ----- .522 .078 5 .11 2.46 45.66 
131 10 1.024 .738 .168 .104 1.375 .659 .230 7.06 1.09 41.09 
133 30 . 816 .418 .150 .080 1.077 .387 .165 6.96 0.94 32.29 
137 70 .388 .277 .108 .113 • 6 79 .207 .056 6.86 
139 90 .235 .183 .094 .032 .292 .• 252 .036 6.74 
*Cloride was determined by charge balance 
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CHAPTER IV - CONCLUSIONS 
This study focuses on the behavior of colloidal suspended solids in coal 
mine sedimentation ponds. The results of the study show that in order to 
minimize suspended solids in water released from sedimentation ponds, or for 
that matter control sediment concentrations in biologically active water 
reservoirs, the chemistry of the water in conjunction with the chemistry and 
mineralogy of the suspended solids should be studied. 
Upon establishing that indeed double layer interactions are the 
determining factor in dictating concentration of suspended solids, one may use 
the RI concept as a means of predicting potential concentrations of suspended 
solids. In fact, after establishing a calibration curve of RI vs concentration 
of suspended solids by the use of a field spectrophotometer, the test could 
easily be run on site. 
Another important contribution of this study is in managing suspended 
solids in coal mine sedimentation ponds. Assuming that one establishes that an 
existing or future sedimentation pond responds to double layer interactions, 
then one may control suspended solids by manipulating water chemistry. This 
manipulation can be carried out several ways. 
source in the streams leading to the pond. 
gypsum. This form of calcium, because of 
One is by introducing a calcium 
This source could most likely be 
its relatively slow rate of 
dissolution in water when in the size of gravel, could be a long term solution. 
Another way is to divert streams of known water concentration and composition 
into a pond of high suspended solids that would cause clay flocculation. 
Finally, the design of the pond could be such that a high spoil-water ratio is 
introduced into the pond upon a rainfall event, thus maintaining an RI value 
conducive to clay flocculation. 
Understanding the forces that govern suspended solids and managing them 
accordingly is an important long term goal. More often than not, the addition 
of constituents in the water such as commercially available flocculants would 
55 
not be required; in fact, long term use of such substances in low management 
natural systems, such as sedimentation ponds, may backfire, leading to 
adversely affecting water chemistry and surprisingly enough even an increase 
suspended in solids. 
Finally, contrary to what is believed by mining personnel and governawant 
environawantl law enforcement agencies, suspended solids cannot be classified 
into those that are settleable and those that are not.If the water chemistry of 
the pond is changed, and a rainfall event can bring about such a change, so 
called settleable solids can become nonsettleable and vise-versa. 
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EC 
l 
x 
~: 
Kea 
Na 
KK 
CaMg 
KN a 
CaMg 
SAR 
ESP 
e 
£ 
kT 
N 
I 
RI 
EX 
NOMENCLATURE 
Electrical conductance (mnhos/cm-l or mhos/cm-1) 
Surface potential (mvolts) 
Distance from surface (cm) 
Selectivity coefficient for Ca-Mg exchange 
Selectivity coefficient for Ca-Na exchange 
Selectivity coefficient for K-(Ca+Mg) exchange 
Selectivity coefficient for Na-(Ca+Mg) exchange 
Sodium adsorption ratio 
Exchangeable sodium percentage 
-19 
charge of electron (l.6xl0 coulombs) 
dielectric constant (89xl0-12 columbos v-1cm-1) 
Boltzmann constant times absolute 
-w 
x 10 V columbos at 20 degrees C). 
23 -1 Arogadro's number (6.03 x 10 mole ) 
Ionic strength (moles L-1). 
Repulsive index (unitless). 
Exchangeable cations (meq(lOOg)- 1) 
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temperature (0.41 
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